Abstract: Nitrogenase catalyzes a reaction critical for life, the reduction of N2 to 2NH3, yet we still know relatively little about its catalytic mechanism. We have used the synchrotron technique of 57 Fe nuclear resonance vibrational spectroscopy (NRVS) to study the dynamics of the Fe-S clusters in this enzyme. The catalytic site FeMo-cofactor exhibits a strong signal near 190 cm -1 , where conventional Fe-S clusters have weak NRVS. This intensity is ascribed to cluster breathing modes whose frequency is raised by an interstitial atom. A variety of Fe-S stretching modes are also observed between 250 and 400 cm -1 . This work is the first spectroscopic information about the vibrational modes of the intact nitrogenase FeMocofactor and P-cluster.
Introduction
Biological nitrogen fixation, involving reduction of dinitrogen to ammonia, is the key reaction in the nitrogen cycle and the ultimate source for most nitrogen in living systems. [1] [2] [3] In Azotobacter Vinelandii (AV) the Mo-dependent nitrogenase (N 2 ase) that accomplishes this reaction uses electrons from an Fe 4 S 4 cluster in the ∼63 kDa Fe protein (AV2) in a MgATPdependent reaction to reduce the ∼230 kDa R 2 2 MoFe protein (AV1). Within the latter, an Fe 8 S 7 "P-cluster" supplies electrons to the active site MoFe 7 S 9 "FeMo-cofactor", which is extractable into organic solvents as "FeMoco". 4 A recent structure for AV1 at 1.16 Å resolution 5 revealed electron density at the center of the trigonal prismatic cage of Fe atoms in the FeMo-cofactor and, hence, an overall MoFe 7 S 9 X core cluster composition. The electron density is consistent with a light (C, N, or O) atom. Characterization of the interstitial atom is essential for understanding both the biosynthesis of the FeMo-cofactor and the mechanism of nitrogenase. Although ENDOR and ESEEM experiments have revealed several 14 N signals that are weakly coupled to the FeMo-cofactor spin, none of these exchange when the enzyme is turned over under 15 N 2 . 6 Furthermore, when Azotobacter Vinelandii (AV) is grown on 15 N-urea, no 15 N ENDOR signals are observed from the extracted FeMo-cofactor. 7 Numerous DFT calculations have been performed using X ) C, N, or O, as well as with an empty central site. [8] [9] [10] [11] [12] [13] [14] [15] [16] These studies point toward N as the most likely interstitial atom (but do not exclude C or O); in some models X is inert, whereas, in † University of California. ‡ Lawrence Berkeley National Laboratory. § others, it is a product of the reaction mechanism. Clearly, the nature of X cannot be decided by theory alone, and new experimental approaches are required for the characterization of N 2 ase and for determining the nature of atom X.
We report here the first information about vibrational modes of the Fe-S clusters in N 2 ase, using the technique of nuclear resonance vibrational spectroscopy (NRVS). 17 In this experiment, a highly monochromatic X-ray beam is scanned through a nuclear (in this case 57 Fe) resonance. On the wings of the familiar "recoil-free" Mössbauer resonance are additional features that correspond to nuclear transitions combined with either excitation or de-excitation of vibrational modes. NRVS theory has been explained elsewhere; 17 key to the current study is that intensity of a normal mode is proportional to the fraction of kinetic energy derived from 57 Fe. From NRVS data, one can obtain an 57 Fe-specific partial vibrational density of states (PVDOS) that complements infrared and Raman spectra.
Experimental Section
Cell Growth and Purification of Nitrogenase Proteins. The AV wild-type strain was grown in the absence of a fixed-nitrogen source in a 24-L fermenter at 30°C in a modified, liquid Burk medium.
18 All cultures contained 20 µM 57 FeCl3 and 10 µM Na2MoO4 and were grown to a final cell density of 250 Klett units recorded on a Klett-Summerson meter equipped with a number 54 filter. All manipulations of N2ase proteins were performed anaerobically using either a Schlenk line or an anaerobic glovebox operating at less than 1 ppm O2. After harvesting, cell extracts were prepared by diluting the whole cells with an equal amount of 50 mM Tris pH 8.0 prior to passage through a French pressure cell and centrifugation at 98 000 g for 90 min. N 2ase component proteins were separated by anaerobic Q-Sepharose anionexchange column chromatography using a linear NaCl concentration gradient. AV2 was purified to homogeneity by fractionation from a second Q-Sepharose column. AV2 used in these experiments was obtained from a parallel growth that contained 56 FeCl3. AV1 was further purified by Sephacryl S-200 gel filtration and phenyl-Sepharose hydrophobic-interaction chromatography. 19 The purified N2ase proteins were concentrated individually using an Amicon microfiltration pressure concentrator before buffer exchange to 25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl 2, and 2 mM Na2S2O4 by dialysis at 4°C. Purified wild-type AV2 and AV1 had specific activities of 2500 and 2200 nmol of H2 (min mg protein) -1 at 30°C, respectively, when assayed in the presence of an optimal amount of the purified complementary component protein as described previously. 19 Protein concentrations were determined by the Lowry method.
The DJ1007 mutant AV strain contains a deletion in the nifE gene and a polyhistidine tail located near the carboxy-terminus of the R-subunit. DJ1007 cells were grown as described for the wild-type strain but in the presence of 10 mM urea as a fixed-nitrogen source. When the cell density reached 250 Klett units, the culture was concentrated using a Pellicon cell concentrator (Millipore). The cells were resuspended in Burk medium with no added fixed-nitrogen source and allowed to derepress for 3.5 h during which time nif-gene expression occurred. After harvesting, crude extracts were prepared by osmotic shock, 20 followed by centrifugation at 98 000 g for 90 min. The apoMoFe protein (∆nifE:AV1) was purified using immobilized metalaffinity chromatography; 21 an additional Q-Sepharose column was utilized to remove a contaminating protein.
Extraction of FeMoco from AW1. AV1 was purified as above through the gel-filtration step, yielding protein with a specific activity of ∼1000 nmol of H2 (min mg protein) -1 and a Mo content of ∼1 g-atom per mol of AV1. After dialysis to lower the NaCl concentration, the AV1 was loaded onto a DE-52 cellulose column that had been washed with 50 mM Tris pH 7.4 buffer containing 2 mM Na2S2O4. The bound protein was washed with N,N-dimethylformamide containing 50 mM 2,2′-bipyridine, 5 mM phosphate buffer pH 8, 2 mM Na2S2O4, and water (ca. 5% v/v) until the noncofactor iron was completely eluted. The column was then washed with N-methylformamide (NMF) containing 5 mM phosphate buffer pH 8, 2 mM Na 2S2O4, and water (ca. 5% v/v), and FeMoco was then eluted with NMF that contained 500 mM tetraethylammonium chloride, 5 mM phosphate buffer pH 8, 2 mM Na 2S2O4, and water (ca. 5% v/v). The eluted FeMoco was concentrated approximately 20-fold by distilling off the NMF under vacuum at 40°C
. FeMoco was assayed 22 by reconstitution of the DJ42 AV strain, which has a deletion for the FeMo-cofactor biosynthetic genes nifENX. The FeMoco used in this study activated a DJ42 crude extract and produced 75 nmol of H2 (min mg protein) -1 . Nuclear Resonance Vibrational Spectroscopy. For NRVS measurements, samples were loaded into 3 × 7 × 1 mm 3 Lucite cuvettes inside an anaerobic glovebox and frozen. The tops of the cuvettes were sealed with thin Kapton tape to allow better escape of the internal conversion Fe K X-ray fluorescence. 57 Fe NRVS spectra were recorded using published procedures 17 at beamline 3-ID at the Advanced Photon Source (APS) 23 and beamline 9-XU at SPring-8. 24 During the measurements, samples were maintained at low temperatures using liquid He. Spectra were recorded between -20 and 80 meV in 0.25 meV steps, using avalanche photodiode detectors. 25 Each scan took ∼40 min. The monochromator energy scales were calibrated using the NRVS of (NEt4)( 57 FeCl4).
26
Normal Mode Calculations. Spin-unrestricted density functional calculations were carried out using the Jaguar software, 27 the PWPW91 exchange and correlation functional, 28 and the lacVp* basis set, which combines 6-31G* functions for H, C, N, and O with a double-effective core potential for Fe. All calculations began from the geometry of the cofactor as found in the crystal structure. The homocitrate ligand to Mo was replaced with (CH3)2C(O)CO2 2-, the histidine with imidazole, and the cysteine ligand to Fe1 with CH3S -; together with a central atom (X ) C, N, O, or nothing), this creates the "45-atom" model described earlier. 11 For X ) C, N, or O, the formal oxidation states on the metal ions are Mo
, consistent with Mössbauer and ENDOR assignments and with our earlier calculated redox potentials (see the discussion in ref 11). For X ) C, we also investigated a model where one of the bridging sulfides at the "waist" of the cluster was protonated, so that the overall cluster charge was 3-, which we judged to be optimal in earlier redox potential calculations. 11 The model calculations with no central atom used formal metal oxidation states of Mo 4+ + 6Fe 2+ + 1Fe
3+
, to have a total cluster charge as close as possible to the other models while maintaining an odd number of electrons. For X ) N, the spin alignment we have labeled bs7 11,29 was found to be lowest in energy, with the bs6 state next lowest, and we carried out vibrational calculations on both; for X ) C, O, or nothing, we used the bs7 spin alignment. Further details of the calculations will be reported elsewhere. Vibrational densities of states were computed using a Gaussian broadening of 8 cm -1 . The empirical normal mode calculations were carried out on FeMo-co models using a Urey-Bradley force field and a special modification of program "Vibratz" to calculate the NRVS spectra. 30
Results and Discussion
Crystallographic models for the P-cluster and FeMo-cofactor are shown in Figure 1 , and the 57 Fe PVDOS for 57 Fe-enriched AV1 is shown in Figure 2 . This spectrum reflects the overlap of dozens of bands from both FeMo-cofactors and P-clusters, each of which could contribute more than 60 normal modes. To simplify the analysis, we recorded spectra for the ∆nifE mutant AV1 that only contains P-clusters, as well as for isolated FeMoco (Figure 2) . The ∆nifE mutant sample exhibits an extremely broad spectrum, presumably because the P-clusters have two sets of coupled Fe atoms in three distinct environments. The strongest band (130-160 cm -1 ) can be assigned to S-Fe-S bending. The only other distinct feature (240-265 cm -1 ) in the P-cluster spectrum derives from Fe-S stretching motion. Assuming that the P-clusters change little between wild-type and ∆nifE:AV1 proteins, an AV1 minus ∆nifE:AV1 difference spectrum should reflect just the FeMo-cofactor 57 Fe density of states.
The AV1 minus ∆nifE:AV1 difference spectrum PVDOS (Figure 2 ) is dominated by a peak near 188 cm -1 with a resolved shoulder at 172 cm -1 , where there is much less intensity in the ∆nifE:AV1 spectrum. The same pair of features is seen in the isolated FeMoco spectrum, which also has a higher energy band at 208 cm -1 (Figure 2) . In both the isolated FeMoco and difference spectra, there are S-Fe-S bend modes around 140 cm -1 , as well as strong bands related to Fe-S stretching motion at ∼270 and ∼320 cm -1 , with additional modes seen out to >400 cm -1 . On the low energy side, below ∼100 cm -1 , there are features corresponding to cluster torsional modes and larger scale motion of the protein skeleton.
What does the PVDOS tell us about the N 2 ase FeMo-cofactor and isolated FeMoco? Empirically, the most striking difference with Fe-S cluster model compounds is the set of strong bands around 190 cm -1 . By comparison, a 4Fe model cluster has low NRVS intensity in this region (Figure 2) . 31 Modes related to Fe-S-Fe bending motion are between 130 and 160 cm -1 in Fe 4 S 4 clusters. 31 NRVS bands are also observed from 130 to 160 cm -1 for the protein-bound FeMo-cofactor and isolated FeMoco but at lower intensity than the 180-190 cm -1 features. In diferric Fe 2 S 2 clusters, Fe-S-Fe bending modes are at 140-180 cm -1 (Figure 2 ). 26 NRVS spectra are not yet available for Fe 3 S 4 clusters, but DFT calculations suggest that their strongest bending modes will also peak around 150 cm -1 (Supporting Information). Furthermore, in the models, the strongest PVDOS features are in the Fe-S stretching region above ∼250 cm -1 . In summary, the 190 cm -1 peak is unusual both in its position and in its relative NRVS intensity.
One Fe cluster that does have significant intensity in modes near 190 cm -1 is [Fe 6 N(CO) 15 ] 3- (Figure 2 ). This quasioctahedral CO-bridged complex has limitations as a model for the trigonal prismatic FeMo-cofactor cluster; nevertheless, it appears relevant that the strongest peak in its spectrum is a breathing mode for the Fe 6 octahedron at 195 cm -1 . By comparison, breathing modes for [Fe 4 S 4 (SR) 4 ] 2-cubane models occur near 145 cm -1 . 31 We attribute the higher frequency in [Fe 6 N(CO) 15 ] 3-and the FeMo-cofactor/FeMoco in part to the extra rigidity conferred by bonding to an interstitial atom.
One approach to interpretation of vibrational spectra is the use of empirical potentials. In the past, Urey-Bradley force fields (UBFF) have successfully been applied to mononuclear Fe sites in rubredoxins, 32 2Fe 33, 34 and 4Fe ferredoxins and model complexes, 35 and, more recently, MoFe 3 S 4 clusters. 36, 37 For our analysis, we built (in silico) a 23-atom model with C 3V symmetry. The Mo end of the cluster was terminated with three oxygens, whereas an S-C ligand was used at the Fe end ( Figure  5 ). We then optimized the UBFF parameters so that the 16A 1 , 5A 2 , and 21 doubly degenerate E normal modes best simulated the experimental AV1 -∆nifE:AV1 PVDOS. What structural features and parameters give rise to the unusual FeMo-cofactor spectrum? As summarized in Table 1 , the Fe-S force constants that we arrived at are similar to or lower than those used by other groups to model Fe 4 S 4 clusters, 35, 36 and the Fe-Fe interaction constant is also not unusual, 0.27 mdyne/Å compared to 0.19 35 or 0.22-0.36 mdyne/ Å. 37 By themselves, none of the parameters would drastically alter the spectrum. One special feature of the model is of course the "interstitial" atom. Assuming a central N, the UBFF simulations are optimized with Fe-N stretching force constants of ∼0.3 mdyne/Å. With this force field, several strong Fe breathing modes appear between 170 and 210 cm -1 (Figure 5 ). Because the central atom contributes little to the kinetic energy of these low-frequency modes, similar conclusions would be reached with the same force constants for interstitial C or O.
As noted by Lee and Holm, 38, 39 there are no really good models for N bound to weak-field Fe in an FeMo-cofactor-like geometry. (However, there has been some recent progress in this area 40 ). In µ-nitrido bridged low-spin Fe(III) porphyrin dimers, Fe-N force constants as high as 4.5 mdyne/Å have been reported, 41 compared to a 2.2 mdyne/Å value reported for hexacoordinate N in [Fe 6 N(CO) 15 ] 3-. 42 Assuming an Fe-N distance of ∼2.05 Å, a Badger's rule calculation for K (Fe-N) yields ∼0.49 mdyne/Å. Thus, the ∼0.3 mdyne/Å value derived from the simulations indicates a rather weak interaction between the interstitial atom and its neighboring Fe atoms.
Another approach to interpretation of NRVS spectra is first principles calculation of the normal modes using density functional theory (DFT). A set of such calculations for XdO 2-, N 3-, or C 4-is shown in Figure 3 . (Of course, in these calculations the final charge on the interstitial atom is much less negative than the formal oxidation state.) For XdO 2-, the strongest peak in the calculated PVDOS is at ∼152 cm -1 ; the maximum shifts to 174 cm -1 for XdN 3-and to 181 cm -1 for XdC 4-. Taking the interstitial atom out yields a main peak below 150 cm -1 and a flatter intensity distribution between 200 and 500 cm -1 .
Although the interstitial C model gives the closest match to the observed PVDOS, it also confers a relatively large negative charge on the cluster. We thus performed a final calculation allowing for protonation of the FeMo-cofactor. This "X ) C 4-, H + " model also gave a good simulation of the experimental PVDOS, with a primary peak at 184 cm -1 , and generally higher frequencies for most modes (Figures 3 and 4) . At the current level of uncertainty between experiment and calculation, none of these models can be absolutely excluded.
Another aid to interpretation of the DFT results is to compare the PVDOS for different atoms within the FeMo-cofactor, as we have done for Fe and the interstitial X in Figure 3 and for Mo, Fe, S, and interstitial C in Figure 4 . We have also illustrated the relative motions for two key predicted modes of the "XdC 4-, H + " model in Figure 5 . As expected, the breathing modes with strong NRVS intensity have little interstitial atom motion and, hence, are very insensitive to light atom isotopic substitution. In contrast, we see that the interstitial has the greatest amount of motion in modes ranging from 350 to 420 cm -1 (XdO 2-) through 430-500 cm -1 (XdN 3-) to 480-590 cm -1 (XdC 4-). These modes are all quite sensitive to the mass of the light atom. The FesS stretch modes between 220 and 420 cm -1 involve substantial S motion and, hence, will exhibit measurable 32 S/ 36 S isotope shifts. With both DFT and UBFF, the atomic motions for the strongest NRVS modes can be described as breathing and/or bending of the central Fe cage. Some of the frequency differences arise from changes in the stiffness of these motions depending on the presence and nature of the interstitial atom.
The interstitial X "shake" modes, shown in Figure 5 , have been discussed extensively in the context of [M 6 X(CO) x ] nclusters, 42 ,43 but they have yet to be observed for N 2 ase or FeMoco. In the DFT calculations, the "shake" modes for the FeMocofactor with XdN (430-500 cm -1 ) or C (480-590 cm -1 ) are predicted to have much lower frequencies than the corresponding modes that are actually observed centered around 765 or 790 cm -1 in [Fe 6 N(CO) 15 ] 3-or [Fe 6 C(CO) 16 ] 2-, respectively; [42] [43] [44] this is consistent with a larger cavity in the FeMo-cofactor (e.g., mean Fe-X distance of 2.00 Å vs 1.86 Å in [Fe 6 N(CO) 15 ] 3-). Since they primarily involve oscillation of X, either along or perpendicular to the cluster approximate symmetry axes, there is little Fe motion in the "shake" modes and hence a very small predicted NRVS signal. With approximate ungerade symmetry, they are also very weak in Raman spectroscopy. However, the motion of the charged interstitial gives rise to a large transition dipole, and these modes have strong infrared signals and large light atom isotope shifts. Attempts to exploit these predictions are of course underway.
In summary, the vibrational spectra derived from NRVS experiments support the presence of an interstitial atom in both isolated FeMoco and in the AV1-bound FeMo-cofactor. Future experiments by NRVS and other vibrational spectroscopies over a wider range of frequencies should help identify the chemical nature of the interstitial atom and help elucidate changes that occur during the catalytic mechanism of this enzyme. Table S1 . A PVDOS comparison between [Fe 3 S 4 (SCH 3 ) 3 ] 3-and FeMo-cofactor using DFT calculation is shown in Figure S1 . This material is available free of charge via the Internet at http://pubs.acs.org. 
